lagen and nonspecific internalization pathways were greatly upregulated, independent of cell cycle phase, Intracellular degradation of collagen by phagocytoand that cellular aging in vitro strongly influences the sis in fibroblasts is essential for physiological remodelspecificity and rate of phagocytic processes in fibroing of the extracellular matrix in a wide variety of conblasts. We suggest that age-related loss of collagen in nective tissues but imbalances between degradation connective tissues undergoing turnover may be a manand synthesis can lead to loss of tissue collagen. As ifestation of a deregulated increase of collagen phagoaging is associated with loss of dermal and periodontal cytosis in which the net loss of degraded collagen excollagen and with increased lysomomal enzyme conceeds new synthesis. . Notably, cells was ú50% for all passages and collagen beads collagen fibrils can be digested by lysosomal cathepsins were internalized ú5-fold more frequently than BSA [5, 6] some of which are important in intracellular dibeads. In contrast, G 0 cells with diploid DNA content gestion [7, 8] . In tissues with rapid matrix remodeling but low protein content exhibited greatly reduced such as the connective tissues of the uterus [9], the phagocytic capacity (õ10% of cells internalized colla-turnover of collagen is related to the volume density of gen or BSA beads), the number of beads per cells was banded collagen profiles in fibroblast phagosomes and 4-fold less, and a 2 integrin expression was very low this is particularly evident in periodontium [10] and compared to G 1 cells. The proportion of collagen healing wounds [11] . These data indicate that phagocyphagocytic cells and the proportion of a 2 -integrin-posi-tosis may play an important role in physiological collative cells increased with transit through the cell cycle. gen turnover.
, is balanced by collagen degradation to preserve the analyses of DNA/protein content were measured by three-color flow cytometry. Serum deprivation was steady state. Collagen may be degraded via an extracelused to induce increases in the proportion of G 0 cells. lular, matrix metalloproteinase pathway [3] and by an For G 1 cells, the proportion of collagen phagocytic intracellular route involving phagocytosis [4] . Notably, cells was ú50% for all passages and collagen beads collagen fibrils can be digested by lysosomal cathepsins were internalized ú5-fold more frequently than BSA [5, 6] some of which are important in intracellular dibeads. In contrast, G 0 cells with diploid DNA content gestion [7, 8] . In tissues with rapid matrix remodeling but low protein content exhibited greatly reduced such as the connective tissues of the uterus [9] , the phagocytic capacity (õ10% of cells internalized colla-turnover of collagen is related to the volume density of gen or BSA beads), the number of beads per cells was banded collagen profiles in fibroblast phagosomes and 4-fold less, and a 2 integrin expression was very low this is particularly evident in periodontium [10] and compared to G 1 cells. The proportion of collagen healing wounds [11] . These data indicate that phagocyphagocytic cells and the proportion of a 2 -integrin-posi-tosis may play an important role in physiological collative cells increased with transit through the cell cycle. gen turnover.
At higher passage numbers mean cell volume and cyto-
Although the mechanisms that regulate collagen plasmic granularity were reduced Ç30% but at replica-phagocytosis in vivo are poorly defined, in vitro data tive senescence cells with large surface area and subdemonstrate that collagen structure [12] , cytokines [13, diploid DNA predominated. The proportion of collagen 14] , and lectins [12] may modulate phagocytic function and BSA phagocytic G 1 cells increased 1.5-and 5-fold, by fibroblasts. In drug-induced fibrotic lesions, collagen respectively, and the number of beads per cell inphagocytosis is markedly reduced [15, 16] and fibrocreased õ3-fold. However, surface a 2 -integrin staining blasts derived from fibrotic tissues exhibit marked reremained unchanged. These data indicate that the colductions in the proportion of collagen-phagocytosing cells [17] . Thus disorders of collagen phagocytosis can 1 To whom correspondence and reprint requests should be ad-impact directly on matrix homeostasis in vivo. Phagocytosis and receptor studies. To reduce the internalization gen phagocytosis may also be important in the loss of of surface-bound but not phagocytosed beads during the process of collagen found in aging connective tissues. In this re-collagen receptor staining, the cells were washed with Ca 2/ -Mg 2/ -port we have quantified phagocytosis in human fibro-free PBS and trypsinized. Previous studies [12, 19] have demonblasts aged in vitro using a well-described model sys-strated that this procedure removes all loosely bound but not internalized beads. Cells were fixed with 3% paraformaldehyde, washed tem [12, 19] . Fibroblasts from gingiva were studied as with PBS for 15 min, and incubated with normal mouse and goat this tissue exhibits a rapid rate of collagen turnover serum (Cedarlane Lab., Hornby, ON) for 10 min to minimize back- [20] and phagocytosis by gingival fibroblasts is a promiground staining. This protocol permitted us to evaluate surface but nent degradative mechanism in vivo [21] . As collagen not internalized integrins. To evaluate levels of the a 2 -integrin, the phagocytosis is dependent on a 2 -integrin expression principal integrin that regulates specific collagen internalization in [14] and is increased with the cell repopulation associ-this model of collagen phagocytosis [23] , cells were incubated for 1 h with mouse monoclonal anti-human-a 2 (a 2 -mAb, Clone P1E6, BRL ated with wound healing [11] , we analyzed the relationLife Technologies Inc., Burlington, Ontario, Canada) antibody folships between phagocytosis, cell cycle phase, and collalowed by a 1-h incubation with FITC-conjugated goat anti-mouse gen receptor levels to assess regulation of phagocytosis mAb (FITC-GAM; Sigma). These reagents have been used in previous in aging fibroblasts.
flow cytometry studies to quantify integrin levels in human cells [24, 25] . BSA-coated control beads were used to study nonspecific phagocytosis. Nonspecific receptor staining was tested with FITC-
MATERIALS AND METHODS
GAM alone or an irrelevant primary antibody. We have tested previously procedures for preparation of single-cell suspensions and Cell culture. Primary cultures of fibroblasts (HGF) were derived their effect on integrin staining [23] . Comparisons of 2 mM EDTA or from biopsies of healthy, interdental gingival tissue obtained from trypsinization followed by varying recovery periods prior to fixation around the molar teeth of a 35-year-old male (CL1) and from a 22- showed that the integrins were trypsin insensitive as has been shown year-old male (CL2). Cells were grown out from explants as described earlier in fibroblastic cells [26, 27] . In previous experiments we have [17] . After subculturing to eliminate epithelial cells and lymphocytes,
shown the blockade of collagen phagocytosis by a 2 -integrin antibodcells from CL1 and CL2 were studied from early passage (No. 4) to ies and by GRGD-containing peptides [23] as well as the relative replicative senescence by repeated passaging (1:3 split) at initial lack of importance of the a 1 -and a 3 -integrins in phagocytosis [23] . plating densities of 4 1 10 4 cells/cm 2 . These cell lines exhibited relaConsequently in this report we have focused on the a 2 -integrin and tively early conversion to replicative senescence in comparison to describe novel experiments that were designed to assess the specificother cell lines in which we have reported relatively low BSA-bead ity of the a 2 -dependent collagen phagocytosis in a different way. We phagocytosis in midpassage number cultures [17, 23] but which conused cleavage of the a 2 -integrin by preincubation of cells with the tinued to proliferate up to 35 passages. The time to reach confluence disintegrin jararhagin (Sigma) as described [28] . Dose-response ex-(defined in these experiments as a tripling in cell number to 1.2 1 periments were conducted to optimize phagocytic inhibition and to 10 5 cells/cm 2 by electronic particle counting) for each passage was preserve cell viability and attachment. recorded and the cells were again replated in full medium. The cells were designated as fibroblastic based on morphology, positive stainFlow cytometry. Cell cycle analysis, bead internalization, and ining for vimentin, and negative staining for desmin and keratin [22] . tegrin staining were assessed by dual excitation flow cytometry as Full growth media consisted of a-minimal essential medium (a-previously described [12, 14, 19, 23, 29] . Briefly, single-cell suspen-MEM), antibiotics [0.017% penicillin G (Ayerst Lab., Montreal, Quesions that had been stained for a 2 -integrin were washed with PBS bec, Canada), 0.01% gentamycin sulfate (Life Technologies, Grand (Ca 2/ and Mg 2/ free), pelleted again, resuspended in 0.7 ml of 4,6-Island, NY), in a-MEM], and 15% (v/v) heat-inactivated fetal bovine diamidine-2-phenylindole dihydrochloride (DAPI; Boehringer, serum (FBS; ICN Biomedicals, Costa Mesa, CA). In some experiMannheim, Germany; 1 mg/ml final concentration in 0.1% NP-40), ments cells were serum deprived for 2 days to induce quiescence. and sulforhodamine 101 (Texas red; Molecular Probes; 20 mg/ml final concentration) and incubated for 10 min at 23ЊC before flow cytomeCollagen and BSA coating of beads. Experiments with collagen try analysis. Preliminary experiments designed to assess whether coated beads were conducted with cells grown in either T-25 or T-NP-40 would lead to loss of cytoskeletal associated a 2 -integrins 75 tissue culture flasks (Costar Corp., Cambridge, MA). All bead showed that there was no change in fluorescence channel number incubations with cells were conducted at 37ЊC with 5% CO 2 , 95%
(mean { standard deviation of integrin staining intensity) with or humidity. Polystyrene microbeads (2 mm diameter) were obtained without NP-40 treatment (second antibody only as background stainfrom Molecular Probes (Eugene, OR). Aliquots (50 ml) of yellowing, 3.7 { 2.7; first and second antibodies but no NP-40, 15.5 { 0.4; green fluorescence beads (E X max Å 490 nm, E m max Å 515 nm, Cat. No.
first and second antibodies but with NP-40 staining, 15.8 { 0.3). L5301) were incubated with 1 ml of an acidic bovine collagen solution From these data we conclude that the permeabilization treatment (Vitrogen; Celtrix Lab, Palo Alto, CA) at a concentration of 3.0 mg/ did not significantly extract immunoreactive a 2 -integrin from the cell ml to produce collagen-coated beads as described [23] . To neutralize membrane. the collagen solution and induce fibril assembly on beads, an aliquot Following staining samples were analyzed with a FACStar Plus (100 ml) of 1 N NaOH was added to 1 ml of Vitrogen with beads and flow cytometer (Becton Dickinson FACS Systems, Mountain View, mixed by vortexing and then the beads were incubated at 37ЊC for 10 CA) at a sheath pressure of 11 psi with an Innova 70 argon laser min. BSA-coated yellow-green beads were produced by incubating (Coherent Laser Products, Palo Alto, CA) at light regulation mode beads with 1 ml of 1% (w/v) BSA (Miles Diagnostics, Kankakee, IL) setting of 250 mW and a wavelength of 488 nm and with a second for 30 min at room temperature (22ЊC), followed by centrifugation laser (Innova 90) that produced light of 362 nm for DAPI excitation. at 8160g for 5 min. After sonication of the coated beads to produce Emitted fluorescence was divided between three detectors by beam single bead suspensions, the number of beads per milliliter was estisplitters and band pass filters for blue fluorescence (400-490 nm), mated by counting beads in an aliquot of the sample with a hemocygreen fluorescence (515-545 nm), and red fluorescence (606-644 tometer. Cells were incubated with beads at a ratio of four beads nm). Photomultiplier tube voltage settings were determined for each per cell for 3 h at 37ЊC unless stated otherwise. Previous detailed experiment on the basis of thresholds established from negative and evaluations of the ligand-coating protocol has indicated that the colpositive control samples for each sample that was analyzed. Threshlagen and BSA coating on the bead surfaces is proportional to the olds were set for each analysis using the same cells fixed and stained concentration of the incubation solution and that the bead surface is indeed coated with the ligand as indicated [23] .
with FITC-conjugated antibody alone. The stoichiometry of DNA staining by DAPI was verified before each analysis by staining calf thymocyte nuclei as standards. Gating windows were established for the following parameters: FITC fluorescence; sulforhodamine fluorescence; forward light scatter (FSC); and side scatter (SSC Statistical analysis. For all continuous variables, means and standard errors were computed. Comparisons were performed with unpaired t tests and P õ 0.05 was set as a measure of statistical significance. All experiments were performed at least three times for both CL-1 and CL-2 cells. As the data sets for the two cell types were very similar, we report data for both CL-1 and CL-2 only when there were variations between the two cell types.
FIG. 2.
Plot of mean { SEM of forward scatter (FSC) and side scatter (SSC) to estimate, respectively, cell volume and cytoplasmic RESULTS granularity in CL-1 cells. These measures fluctuated over a relatively constant range right up until replicative senescence. An almost identical pattern was seen in CL-2 cells except that the decline in cell Cell Growth size and cytoplasmic granularity did not occur until passage 22, one passage before senescence.
We assessed first if the aging model exhibited some of the classic characteristics that have been previously described in fibroblast cultures [30] . CL-1 cells achieved confluence (defined here as a threefold in-here. Flow cytometry analysis of DAPI-stained cell suscrease in cell number after plating) in 4 days on pas-pensions showed that G 1 and G 0 cells in these nonprolifsage 5 but required ú21 days to approach confluence erating cultures had a markedly reduced DNA content by passage 14 after which no further growth was ob-which was between 30 and 70% of normal diploid DNA served and the cells stopped proliferating (Fig. 1) . content. For CL-2 cells only 2 days were required to These senescent cells had greatly increased surface achieve confluence on passage 5 but by passage 24, ú7 area when plated on plastic (greater than twofold) or days were required to achieve confluence after which collagen (passage 5, 2150 { 150 mm 2 ; passage 14, 3900 the cells underwent no further growth. At passage 24, { 200 mm
2 ) and were difficult to remove from the cell G 0 and G 1 cells showed reduced (i.e., subdiploid) DNA culture dish with the cell dissociation methods used content and the cells exhibited greatly increased surface area (greater than twofold). Prior to senescence of CL-1 cells, cell volume (estimated by forward scatter), and cytoplasmic granularity (estimated by side scatter) fluctuated {15% until just before replicative senescence when volume and granularity decreased by 25-30% (Fig. 2 ). An almost identical change was evident in CL-2 cells except that these reductions occurred at passage 24, one passage before senescence.
As adult connective tissues contain fibroblast populations that are slowly cycling but can be induced to proliferate by wounding, we wanted to assess whether collagen phagocytosis was dependent on cell cycle phase. Two-parameter flow cytometry was used to estimate the proportions of CL-1 and CL-2 cells in G 0 , G 1 , S, and G 2/M phases of the cell cycle (Fig. 3A) . The relative proportions of cells in S and G 2/M remained relatively constant after repeated passaging (Fig. 3B ) but as expected, serum deprivation for 2 days induced a temporary reduction in the proportions of S-and G 1 -phase could grow when replated in serum-containing me-dium. The intentional depletion of serum for 2 days therefore provided a method by which we could induce increases in the proportion of G 0 cells and yet still be able to study the relative phagocytic rate in viable cell populations. Sorted G 0 cells exhibited somewhat smaller forward scatter values compared to G 1 cells but grew normally after replating in full medium. The addition of BSA or collagen beads did not detectably affect the proportion of gated cells or cell cycle parameters, indicating that the beads themselves were not important in regulating progression through the cell cycle. As cells aged in culture, there was a relatively constant proportion of G 0 cells until the cessation of proliferation when G 0 cells were no longer measurable because of the abnormal DNA histograms.
Phagocytosis
For CL-1 cells in early to middle passages, the proportion of G 1 cells internalizing BSA beads was a small fraction of G 1 cells that internalized collagen beads (Fig. 4A) , reflecting the specificity of the collagen phagocytic pathway and also the prominent collagen Analysis of cells in specific phases of the cell cycle showed that for early passages, G 0 cells were much less of bead fluorescence [17] . In parallel with the data on likely to internalize collagen beads than G 1 cells (CL-the percentage of phagocytic cells, the mean bead fluo-1 cells Ç6-fold less; CL-2 cells Ç5-fold less; P õ 0.001). rescence was Ç4-to 6-fold higher for collagen-coated Similarly, for BSA beads, there was a 6-to 8-fold lower beads than BSA-coated beads and G 1 cells contained percentage of phagocytic cells in G 0 than G 1 . However, Ç4-to 6-fold more collagen-coated beads than G 0 cells for both CL-1 cells and CL-2 cells, and for both collagen (Fig. 4B) . As reported earlier [23] , there was a small and BSA beads, there were large increases of the per-subpopulation of cells that internalized beads more avcentage of phagocytic G 0 cells as the cells aged, particu-idly than the overall, whole population and this was larly as they approached replicative senescence. Con-particularly apparent near replicative senescence (note sistent with this change, when data from all passage the larger error term in the mean fluorescence channel numbers were analyzed together, the differences in the nuber at passage 13 for collagen beads; Fig. 4B ). Notapercentage of phagocytic cells in G 0 and other phases bly, while collagen bead fluorescence increased more of the cell cycle were less obvious (4-fold for CL-1 cells; than 3-fold in early passage compared to late passage 4.5-fold for CL-2 cells; Fig. 4A) . Notably, the increase CL-1 cells (3.5-fold higher for same comparison in CLof the percentage of phagocytic cells was relatively 2 cells), there was very little change in the BSA bead greater for BSA beads than for collagen beads when fluorescence. Thus age-related increases of phagocytocomparing early and late passage cells (Ç50 to 95% sis induced an increase in the proportion of phagocytosincrease for collagen beads; Ç10 to 75% increase for ing cells but the amount of nonspecifically internalized BSA beads). material was relatively constant. We analyzed the relative fluorescence intensity of a 2 -Integrin internalized beads as this measure provides a good estimate of the relative numbers of internalized beads per As shown in expression studies, peptide inhibition and antibody inhibition studies, internalization of colcell and is not confounded by intracellular quenching
FIG. 3-Continued
lagen-coated beads is highly dependent on the cell sur-and cytoplasmic granularity were not significantly affected by 1 mg/ml jararhagin (10 min). At this dose, face a 2 b 1 -integrin [12, 23] . We used the Bothrops jararaca disintegrin jararhagin to cleave specifically the phagocytosis of collagen beads was reduced to levels similar to the percentage of cells internalizing BSA a 2 b 1 -integrin and thereby further assess the dependence of collagen phagocytosis on expression of this beads (Fig. 5 ) but this dose did not detectably affect the percentage of cells internalizing BSA beads. integrin [28] . Preliminary dose-response experiments showed that the numbers of dead cells, cell volume, Higher doses (10 mg/ml) caused cell death while lower (Fig. 6C ). was a relationship between a 2 -integrin expression and collagen phaogocytosis. In aliquots prepared from par-However for both CL-1 and CL-2 cells continuing right up to senescence, the overall percentage of a 2 -integrinallel processed cell samples that had been incubated with collagen beads, we assessed the percentage of col-positive cells for all phases of the cell cycle did not exceed 60% and collagen receptor levels were not statislagen phagocytic cells in each phase of the cell cycle. We found that for passages 4-8 in CL-1 cells, the per-tically higher in late passage cells than early passage cells. Thus the relationship between collagen phagocycentage of phagocytic cells in the various phases of the cell cycle increased with transit through the cell cycle tosis and a 2 -integrin expression broke down after the middle passages. and that the percentage of phagocytic cells was tightly related to the fluorescence intensity of cell surface a 2 -As serum starvation has been found previously to increase the proportion of phagocytic cells [23] , we comintegrin and to the percentage of a 2 -integrin-positive explained by either reduced synthesis or increased degradation of collagen [34] . While glycoxidation kinetics associated with aging and collagen cross-linking are likely important for regulating collagen turnover rates in a wide variety of species [35] , the observation that high levels of collagen synthesis occur even in aging connective tissues [31] suggests that appropriate regulation of degradative mechanisms are of considerable importance in the net loss of collagen observed in aged mammals. Our results indicate that at least in those tissues in which collagen phagocytosis is a prominent degradative mechanism, the increased intracellular degradation of collagen may be an important mechanism for the loss of collagen that is observed in aging. While culture models cannot replicate all of those processes that determine matrix protein composition in variations in the composition of more or less phagocytic subpopulations and their variable growth rates. pared serum-starved and serum-supplemented CL-2
There are two principal collagen degradative mechacultures to assess the relationship between phagocyto-nisms: the extracellular, matrix metalloproteinase sis and a 2 -receptor expression (Table 1) . Serum depri-pathway and the intracellular, phagocytic pathway. vation increased the percentage of collagen phagocytic Matrix metalloproteinases are clearly important in and a 2 -positive cells by 23 and 10%, respectively, and rapidly remodeling systems such as cancer and inincreased surface a 2 expression by a factor of 1.5, indi-flammation [36] and there is good evidence that intercating that when the level of surface a 2 -integrin expres-stitial collagenase synthesis and secretion are insion is increased, there is also a parallel increase of creased in aging fibroblast model systems [37, 38] . collagen phagocytosis. These data also indicate that However, there is no direct evidence that matrix metalserum deprivation increases nonspecific internaliza-loproteinases are involved in the turnover of soft contion as shown by the relatively larger increase of per-nective tissues under steady-state conditions [39] . Incentage of collagen phagocytic cells in comparison to deed in periodontal ligament, one of the most rapidly the percentage of a 2 -positive cells. Further, serum dep-remodeling of mammalian soft connective tissues [20] , rivation increased the relative proportion of cells that there has been no demonstration of interstitial collainternalized BSA beads to collagen beads (data not genase activity. Instead, phagocytosis is the predomishown).
nant mechanism for collagen turnover in soft connective tissues in steady state [for review see 39] . Conse-
DISCUSSION
quently in this report we have used a previously described model system to assess collagen phagocytosis Our principal findings are that collagen phagocytosis is increased and the nonspecific internalization path-and some of the critical regulatory mechanisms for collagen internalization in aging fibroblasts [14, 23] . way are greatly upregulated during in vitro aging and that integrin-dependent collagen phagocytosis is regulated during the cell cycle. Thus the myriad of complex Integrins processes associated with cellular aging of fibroblasts in vitro [30] appear to influence collagen phagocytosis.
In periodontal connective tissues, the large majority of fibroblasts are in G 0 [40] and aging is associated with As age-related alterations in collagen and total protein metabolism of fibroblasts in culture are tightly related a reduction of the proliferative growth fraction [41] .
After wounding of soft connective tissues, the growth to changes observed in vivo [31] , we believe that the fibroblast system provides an appropriate model for the fraction is greatly enlarged [42] and there are also large increases of phagocytosed collagen by fibroblasts [11] . study of aging and collagen metabolism.
These in vivo findings are consistent with our data
Phagocytosis and Collagen Remodeling
showing that compared to G 0 cells, cycling cells express high levels of a 2 -integrin and are much more likely The reduced collagen content observed in aging skin [32] and periodontal connective tissues [33] could be to phagocytose collagen-coated beads. During transit through the cell cycle, the percentage of phagocytic tent with the relationships between a 2 -integrin levels and phagocytosis that we have observed in early to cells increased in parallel with the increased surface expression levels of a 2 -integrin, similar to previous re-mid passage cultures but the a 2 -integrin dependence of collagen bead internalization breaks down in mid ports on the levels of the fibronectin receptor a 5 b 1 -integrin [43, 44] . Thus the cell-cycle-related increases of and late passage cultures, perhaps reflecting a loss of cell cycle dependence and a loss of specificity of the a 2 -integrin expression appear to provide a regulatory mechanism in which quiescent cells exhibit low levels collagen internalization pathway. This conjecture is supported by the greatly increased proportion of G 0 of collagen receptor and also internalize low amounts of collagen. Shortly after wounding, there is a large cells that internalize collagen and BSA beads as well as the general increase in the proportion of cells that entry of cells into the cell cycle [42, 45] , collagen phagocytosis is greatly increased, and tissue remodeling is internalize BSA beads in late passage cultures. Notably, aging is associated with greatly increased fibrorapid. As soon as the wound is closed and tissue homeostasis is restored, remodeling and cellular proliferation nectin expression [46] and the coating of collagen or BSA beads with cell-derived fibronectin could increase are greatly reduced [45] . These in vivo data are consis- increased surface area at senescence, probably indicating that cells become more adhesive to the plastic subNote. CL-2 cells at passage 6 were analyzed for collagen phagocytostrate. We also found that in early passage cultures, sis and a 2 -receptor expression. Cells were either supplemented with 15% FBS or deprived of serum overnight.
G 0 cells exhibited very low phagocytic activity while in mid to late passage cultures these cells were avidly phagocytic, in spite of their relatively low a 2 -integrin expression. These in vitro data showing increased mainternalization because of increased choice of integrin trix protein internalization are consistent with in vivo usage as has been shown earlier [19, 23] . However, data on reduced collagen content of aging connective experiments conducted by us in which we coated BSA tissues in steady state [31] . Further, as there are inbeads with fibronectin at concentrations that would be creased amounts of lysosomal enzymes in aging skin expected in aged fibroblast cultures showed no increase fibroblasts [18] and periodontal ligament fibroblasts in phagocytosis. Consequently this appears to be an [50] , it seems likely that the more abundant internalunlikely mechanism for increased nonspecific phagocy-ized collagen in aged cells would be rapidly degraded tosis. Alternatively, aged cells exhibit variations in in-by a lysosomal system that is upregulated [for review tegrin activation [47] and as internalization of collagen see 39] . Notably, in the periodontal ligament of aged requires that the a 2 -integrin be in an active form [14] , rats but not young adult rats, large fibroblasts have it is conceivable that our data on increased collagen been described that are avidly phagocytic and exhibit internalization and increased spreading area on colla-altered cytochemical staining compared to younger anigen may reflect, in part, constitutive integrin activation mals [51] . Thus our in vitro findings of aged cells with in aging cells. If this mechanism is valid, then we would increased but less specific phagocytic capacity may expect that young but not aging cells would have inac-have an in vivo correlate in aged rats. tive integrins. Our previous studies of a 2 -integrin actiIn summary our findings suggest a novel mechanism vation indicate that low passage cells exhibit active for age-related loss of collagen in periodontium and integrins [14] and consequently we are unsure of the other connective tissues in which phagocytosed collavalidity of this potential mechanism.
gen is not balanced by new synthesis; consequently there is a net loss of tissue collagen.
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Consistent with a very large body of data [for review
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cultures required more time to achieve comparable increases of cell number (i.e., population tripling), the
